. Location of the study sites across the west to east air pollution gradient. deposition to forest ecosystems. However, this simulation is somewhat limited [Skeffington and Wilson, 1988] . Precise understanding of whether and how biogeochemical processes are altered by air pollution requires field studies of natural distributions.
The San Bernardino National Forest (Figure 1 ) provides an ideal location for studying ecosystem responses to elevated nitrogen additions that occur normally rather than with fertilization. It is located 120 km east of Los Angeles and, like other natural ecosystems in southern California, has been subjected to anthropogenic nitrogen deposition from the Los Angeles air basin for at least the last 40 years. Visible foliar injury, decreased needle retention, cone production stem density, and increased susceptibility to insects have all been associated with elevated ozone concentrations in this forest .
A pollution gradient exists across the coniferous forests in the San Bernardino Mountains (SBM), with concentrations decreasing from west to east. This air pollution gradient was originally established for ozone [Miller et al., 1986 ] and later confirmed for nitrogen and sulfur as well [Fenn and Bytnerowicz, 1993] . The four sites used in this study lie across this nitrogen Total nitrogen deposition at CP is estimated to be 35-45 kg ha -t yr -1 (Table 1) , and the site is considered to be highly impacted by air pollution. BF is the least polluted site and receives -5 times less nitrogen annually than CP [Fenn and Bytnerowicz, 1993] . Mineralization, nitrification, and litter decomposition rates are greatest at the western end of the transect [Fenn and Dunn, 1989; Fenn, 1991 ' Fenn et al., 1996] . Results for a number of nutritional and edaphic indicators and from nutrient cycling model simulations suggest that the forest at CP might be nitrogen saturated [Fenn et al., 1996] .
Methods

Description of Study Sites
The four study sites are located along a 37 km west to east air From Arkley et al. [ 1977] . From Fenn et al. [1996] .
N deposition at BF is the estimated N deposition at Camp Osceola, located 2 km east of BF, from Fenn and Bytnerowicz [1993] .
be a result of the high deposition velocity of nitric acid, the main component of the nitrogenous, dry deposition in the area [Fenn and Bytnerowicz, 1993] . Air pollution exposures are greatest on the western end of the gradient because of the proximity of major urban centers in the valley to the west. Camp Paivika is located on the crest overlooking the urban area to the west and is the site with the highest air pollution exposure. Dogwood (DW), located -9 km east of CP, is also polluted but to a lesser extent than CP. Camp Angelus (CA) is located -30 km east of CP and receives moderate to low levels of polluted air. Finally, Barton Flats is the easternmost and least polluted site. Site characteristics are summarized in Table 1 .
Parent material of the soils at the sites consists of partially weathered or decomposed granitic rock, except for CA, which is mainly stony granitic colluvium. Soils in the San Bernardino Mountains are sandy with considerable fine gravel (2-5 mm), are well drained, and have a low water-holding capacity. Soils at the four sites have weakly developed B horizons and become increasingly coarse textured with depth. At CP and DW, soils are mainly coarse-loamy, mixed, mesic Ultic Haploxerolls of the Shaver series. The Shaver series is dark in color to a depth of >50 cm with no significant clay accumulation in the subsoil. At CA the soil is a stony, coarse-sandy loam. Soil at BF is mostly coarse-loamy, mixed, frigid Xerumbrept [Arkley et al., 1977; Arkley, 1981] .
Sample Collection
All samples were collected during July 1995 and included at each site.
1. The first type was vegetation samples. Ten Pinus ponderosa of two age classes (five current and five 1 year old needles) and five Quercus kello$$ii (California black oak) trees were collected at approximately the same canopy heights at all sites. Each individual tree foliage sample was made up of needles or leaves from three individual branches from that tree. The foliage samples were rinsed with deionized water, freeze-dried, and pulverized prior to the isotopic analyses.
2. The second type was litter samples. Five per site, from the layer above the mineral soil and underneath the undecomposed litter, were collected at four locations within a 4 m circle within each plot and represented a mixture of decomposition states of leaves and needles. The litter samples were freeze-dried and pulverized.
3. The last type was soils. Mineral soils (0-5 cm, five per site) were collected at the same locations used for the litter collection.
After freeze-drying, the soils were sieved through a 2 mm mesh screen. The soil samples were pulverized prior to bulk nitrogen and carbon isotopic analyses. The litter and soil material was mixed with purified (850øC for 1 hour), coarsely ground CuO (BDH Chemical) and pure granular Cu (Alpha Resources Inc.). The mixed samples were placed into precombusted (550øC for 1 hour) quartz tubes, which were vacuum sealed and combusted at 850øC for 1 hour. The resulting CO2 and N2 gases were cryogenically separated and purified on a vacuum line and analyzed for their isotopic signatures [Macko et al., 1987] . The stable isotopic measurements were conducted on a VG-PRISM stable isotope ratio mass spectrometer, except for the vegetation samples which were analyzed on a VG-OPTIMA stable isotope ratio mass spectrometer coupled to a Carbon-Nitrogen-Sulfur ( where R is the ratio of the heavy to the light isotope. By definition the isotopic composition of the standard reference material is 0ø700 [Hoefs, 1987] . A substance containing more of the heavy isotope relative to another substance is referred to as "enriched" or "heavier", whereas one containing less of the heavy isotope is described as "depleted" or "lighter". A notation commonly used to report the isotopic fractionation during a reaction is "delta del a fine powder prior to addition to the sample to avoid fractionation [Kreitler, 1975] . Two zeolite bindings were performed for each NH4 + and NO 3' sample to ensure full recovery. The two sieves were combined to form one sample, and the bound NH• + was converted to N 2 gas for isotope ratio analysis as above. The overall precision for determining NH4 + and NO 3' isotopic composition was better than 0.3%0 [Korontzi, 1997] Nitrogen levels in foliage of oak and pine trees at CP were higher than at the other sites (Table 2 ). Current and 1 year old needles were significantly higher in percent N and had lower molar C:N ratios at CP than did pine samples at the other sites. Similarly, the higher percent N in oak foliage at CP was accompanied by lower molar C:N ratios, compared to the eastern, less polluted sites (Tables 2 and 3 ). Soil and litter were more acidic at CP than at BF (Table 2) It has been observed that as litter decomposition proceeds, its C:N ratio decreases [Haynes, 1986] . Litter decomposition has been found to be faster at CP compared with the other sites [Fenn and Dunn, 1989; Fenn, 1991] and is further supported from the higher mineral nitrogen concentrations at this site reported here (Figures 3a and 3b) . However, no statistical differences were observed in the litter molar C:N ratios among sites (Figure 2c ). This could be attributed to two facts: first, each litter sample included a mixture of materials at different states of decomposition, and second, each litter sample consisted of varied percentages of oak and pine foliage, with dissimilar molar C:N ratios (Table 3) Acidification of soil has also been identified as a symptom of nitrogen saturation [Skeffington and Wilson, 1988] . Possible reasons for soil acidification at the western, highly polluted sites include heightened nitrification rates, chronic acidic deposition, and root uptake of NH4 +. Low pH values at CP and DW have been found to be linearly correlated with low percent base saturation at those sites [Fenn et al., 1996] .
Sample Analyses
In addition to site-specific differences, species-specific differences were also observed. For example, a significant age dependence was observed in the ponderosa pine needles. Current needles exhibited higher percent N and lower molar C:N ratios than the 1 year old needles at all sites except CA (Tables 2 and 3 ). This observed difference is common [Clancy et al., 1995] . Oak foliage at each site contained significantly higher total nitrogen and had lower molar C:N ratios than the pine needles (Tables 2 and 3 ). These differences indicate species-specific variations in nitrogen use and suggest that oak trees are a greater sink for assimilated nitrogen compared to pine trees [Cole, 1981] .
Extractable ammonium and nitrate concentrations.
The NO 3-concentrations in soil and litter extracts were several times higher at CP than at the less polluted sites (Figures 3a and  3b ). Across the west to east air pollution gradient the mean soil The soil and litter exchangeable nitrogen concentrations at the study sites were directly correlated with nitrogen deposition. Total inorganic nitrogen levels in soil and litter were highest at CP, as expected, because this site is exposed to the highest atmospheric nitrogen deposition. The lowest levels were observed at the eastern sites (CA and BF). The higher NO 3-concentrations in soil and litter at CP indicates that nitrification was enhanced compared to the other sites. Other processes that could also have resulted in high mineral nitrogen concentrations, such as less leaching and less denitrification, were probably not as important because of the prolonged summer drought. Gaseous losses of nitrogen are higher at CP than BF anyway [Fenn et al., 1996] . Nitrification at the eastern sites was low, which is characteristic of a nitrogen limited system [Haynes, 1986; Aber, 1992] .
These results support previous findings. Fenn et al. [1996] found nitrification rates in soil and litter to be highest at CP relative to the other sites. Similarly, Fenn and Dunn [1989] determined faster litter decomposition rates at the western, more polluted sites than at the eastern, less polluted sites in the San Bernardino National Forest. Soil inorganic nitrogen levels at CP and 
Stable Isotopic Data
sites ranged from-7.1 to-1.6%o. No species-specific differences were observed in the 1515N values at any site. The vegetation at each site was more depleted in 15N than the soil (Figures 4a and 4b) , suggesting preferential uptake of a form of nitrogen which was depleted in 15N from the soil by the plants. For most plant species a mixture of NH4 + and NO 3-appears to produce optimum growth, but one form might be preferred over the other [Haynes, 1986] . The results from this study suggest a preferential assimilation of NO3', which was similar isotopically to the vegetation, as opposed to the soil NH4 +, which was more enriched than the vegetation (Figures 6a, 6b, 5a, 5b, and 4b) . As mentioned above, heightened nitrification in the soil (Figure 3a) along with increased nitrogenous gaseous losses [Fenn et al., 1996] Figures 4a and 4b) . Figures 10a, 10b and 10c (Figures 1 la and 1 lb) . Considering that environmental parameters, including site altitude and light, and sampling factors, such as canopy height and soil depth, did not account for the carbon isotopic differences among sites, the depletion in 13C at the highly polluted sites was most likely the consequence of the long-term exposure of the forest to air pollution. Changes in the isotopic composition of leaf tissues resulting from exposure to gaseous air pollutants have been documented previously. Both an enrichment [Farquhar et •.
• 1989) and a depletion [Heaton and Crossley, 1995] This study establishes the use of stable isotope analysis at natural abundance levels to investigate the effects of excess atmospheric nitrogen deposition to forest ecosystems. Stable isotopes provide a powerful tool to follow anthropogenically induced changes to the nitrogen and carbon biogeochemical cycles and to indicate which processes or components are most sensitive to human perturbation. Garten [1993] Future work should include additional 15N natural abundance measurements of dry deposition, precipitation, surface water, groundwater, and soil NO x as well as investigation of seasonal isotopic variations. Total nitrogen, as well as inorganic and organic nitrogen stable isotopic measurements are needed to link all aspects of the nitrogen cycle, understand the effects of human perturbations to ecosystems, and develop predictive ecosystem models. Additional dual stable isotopic measurements of carbon and nitrogen can also be very useful in revealing the responses and interactions of the two biogeochemical cycles under increased anthropogenic activities.
